Bone changes composition and structure to adapt to its mechanical environment. Osteocytes are putative mechanosensors responsible for orchestrating the bone remodeling process. Recent in vitro studies showed that osteocytes could sense and respond to substrate strain and fluid shear.
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Introduction
Bone disorders such as osteoporosis afflict over 2 million Canadians, and contribute to 80% of hip fractures, which costs $10 billion annually in Canada [1] . Within a year, 1 in 5 with osteoporotic fracture will die [1] . People living with bone disorders become functionally dependent, and many require long-term home care [1] . Many bone diseases, including osteoporosis, are caused by the failure of bone remodelling [2] .
Bone is a living organ that is able to adapt its composition and structure in response to mechanical stimuli [3, 4] . It was believed that mechanical forces stimulate bone cells to maintain tissue homeostasis in bone. Mechanical loading induces a variety of physical signals that may stimulate cells within the bone, including tissue strain, fluid shear, and fluid pore pressure. Both strain and fluid shear have been extensively studied and shown to significantly affect bone cells in vitro [5] [6] [7] [8] [9] [10] . There are a few studies that have investigated the effects of fluid pressure in vivo and in vitro [11] [12] [13] [14] [15] , suggesting that fluid pressure is a potent stimulus to the bone remodeling.
Macroscopically, venous stasis or applied pressurization by external loading was associated with increased bone formation [16, 17] . At the tissue level, fluid pressure causes increased calcification [18] , and inhibition of resorption [19] . Therefore it has been suggested that bone remodeling depends on changes in interstitial fluid pressure [14, [20] [21] [22] [23] . However, the cellular mechanism of bone's response to fluid pressure is poorly understood.
In this study, we investigated osteocyte response to pressure using an in vitro approach. It has been proposed that osteocytes are the cells that detect mechanical loading in bone [24] .
Osteocytes account for 90-95% of bone cells. They are embedded in the mineralized bone matrix, forming an interconnected network [25] . Due to their unique location and abundance, osteocytes are believed to be responsible for sensing mechanical loading and orchestrating the bone remodeling process.
The fluid pressure experienced by osteocytes in vivo is cyclic in nature, the magnitude of which was calculated to reach a maximum to 0.27 MPa [26] . Recent studies found that the hydraulic permeability of the bone tissue was smaller than the previous model assumed, leading to an even higher estimation of the maximum physiological hydraulic pressure buildup (~5 MPa) around osteocytes [27] [28] [29] . In this study, we subjected MLO-Y4 cells, a well-established osteocyte-like cell line, to a cyclic hydraulic pressure (CHP) with a peak value of 68 kPa and 2 sec per cycle.
Hydraulic pressure is defined here as the pressure in a fluid system (the lacunar-canalicular system in bone) that is being acted on by an external agent. This pressure level is consistent with a moderate physiological activity such as walking, which was calculated to induce maximum of 100 kPa on the osteocytes [26] . The frequency of 0.5 Hz was chosen to differentiate the response of osteocytes to load-induced hydraulic from cardiovascular pressure, which occurs around at 1-2 Hz. Loading frequency of 0.5 Hz has also been suggested to generate central peak in the pore fluid pressure within the osteocyte cell body [30] . This loading regimen is also consistent with previous study [23] .
Selective responses of osteocytes to CHP were studied, including intracellular Ca 2+ concentration ([Ca 2+ ] i ), cytoskeleton organization, mRNA expressions of cyclooxygenase-2 (COX-2), receptor activator of nuclear factor kappa B (NF-κB) ligand (RANKL), and osteoprotegerin (OPG), and apoptosis. Previous studies have found that other types of mechanical stimuli such as fluid shear stress have altered these outcome measures in bone cells. Intracellular calcium is an early second messenger that plays key roles in a number of metabolic pathways [31] . Fluctuations in [Ca 2+ ] i usually increases within seconds of mechanical stimulation on bone cells [32] . In osteocytes, cell body deformation through mechanical loading induced calcium response [33] . In this study, [Ca 2+ ] i was measured and used as a indicator of responsiveness when osteocytes were subjected to CHP.
Another early-intermediate event in cellular response to mechanical loading is the changes in cytoskeleton organization. Following mechanical stimulation, cells typically show changes in cytoskeleton organization in 15 min [34] ; both actin filament [34] , and microtubule [35] have been shown to be integral in mechanotransduction.
Downstream gene and protein expressions are altered hours after mechanical stimulation [23] .
Fluid flow applied to MLO-Y4 cells upregulated COX-2, the gene that encodes cyclooxygenase-2, a key enzyme in the production of prostaglandin E 2 (PGE 2 ) [10] . Substrate stretching also upregulated COX-2 [36] . The signaling molecule PGE 2 is implicated in both modeling and remodeling of bone [37] . In addition, two key molecules have been found to mediate osteoclast activity during bone resorption: RANKL and OPG. The rate of bone resorption is dependent on the RANKL/OPG ratio [38] .
Furthermore, osteocyte apoptosis is a vital regulator of bone remodeling and a critical determinant of bone strength. Osteocyte apoptosis has been suggested to signal osteoclast recruitment [39, 40] . Lack of mechanical loading has been shown to be the major factor that causes osteocyte apoptosis in vivo [41] . However the influence of fluid pressure on osteocyte apoptosis has not been well studied in vitro.
The aim of this study was to investigate the effects of CHP on osteocytes. We hypothesized that CHP is an important stimulus to osteocytes and would induce significant changes in calcium mobilization, cytoskeleton morphology, and gene expression levels for COX-2, RANKL, and OPG, and osteocyte apoptosis. The results from this study bridged a gap in the knowledge of bone remodeling due to mechanical loading. From this knowledge, new pharmaceutical agents that modulate mechanotransduction pathways and exercise regimens that enhance bone health could be developed for more effective treatments of bone diseases such as osteoporosis.
2 Literature review
Forces experienced by bone cells
To understand the mechanism by which mechanical forces affect bone cell fate and function in vivo requires the knowledge of the mechanical forces experienced by bone cells. In mature bone tissue undergoing remodeling, current hypotheses suggest that interstitial fluid flow is an important link by which tissue level strain is transmitted to bone cells. The strain in bone tissue in response to mechanical loads induces the pressure gradient within interstitial fluid and induces its movement within the bone pores, from the lacunar-canalicular system where osteocytes, the putative mechanosensor cells in bone, reside to the vascular system [42] [43] [44] [45] [46] (reviewed in [47] ). Interstitial fluid flow within the lacunar-canalicular porosity has been shown experimentally through tracer studies [48] [49] [50] [51] . Movement of the interstitial fluid within the geometry of lacunar-canalicular and haversian systems would create shear stresses on bone cells, in the range of 0 to 20 dynes/cm 2 [52, 53] . According to recent poroelastic model, the level of pressure that is need to produce this level of shear stress is around 85 kPa [54] .
Hydraulic pressure at the lacunar-canalicular porosity caused by physiological loading was estimated to be 40 times that induced by blood pressure difference [55] , presenting a significant stimulus to osteocytes. However, few studies have been done to study the effect of static hydraulic pressure (SHP) on bone cells. Human cells experience a small change in SHP from supine to standing position. Though this change could be considered cyclic with a 12 hour period, the duration should be long enough for cells to equilibrate. This type of loading is estimated to produce 12% of the peak applied uniform axial compressive stress at the lacunarcanalicular porosity [26] . Under physiological activities, such as walking, hydraulic compression is cyclic in nature. Oscillatory loading of bone with 0-18 MPa at 1 Hz was calculated to induce 0.27 MPa fluid pressure at the lacunar-canalicular porosity [55] , indicating pressure could be a significant stimulus for bone remodeling. Recent studies found that the hydraulic permeability of the bone tissue was smaller than the previous model assumed, leading to an even higher estimation of the hydraulic pressure buildup (~5 MPa) around osteocytes [27] [28] [29] . The effects of hydraulic pressure on cells are complicated by spatial heterogeneity in local cell stiffness; for example, the cell body will may deform more than cellular processes under hydraulic loads, since the cell's body is more compliant than its processes [56] . Poroelastic cell models with idealized geometries have been developed to estimate local deformation of a cell under cyclic hydrostatic pressure [30] . However, few studies have been done to investigate only the effect of hydraulic fluid pressure force on bone cells, for which the mechanotransduction pathway and effectors are still poorly understood.
Osteocyte mechanobiology
Osteocytes are essential in normal bone remodeling. Osteocyte malfunction [57] or absence [58] in mouse models leads to bone fragility consistent with that observed in aging and osteoporosis.
Specifically, while osteocyte ablation increased bone resorption in mice under physiological loading, the same mice were resistant to the disuse-induced bone loss when their hind limbs were subjected to unloading [58] .
Bone resorption, one of the early events in bone remodelling, is mediated by osteoclasts. Two key molecules have been found to mediate osteoclast activity during bone resorption: receptor activator of nuclear factor kappa B (NF-κB) ligand (RANKL) and osteoprotegerin (OPG).
RANKL stimulates osteoclast precursors to commit to the osteoclastic phenotype. OPG binding to RANKL blocks osteoclastogenesis, and decreases the survival of pre-existing osteoclasts.
Therefore the rate of bone resorption is dependent on the RANKL/OPG ratio [38] . In a transgenic mouse model in which specifically ablation of osteocytes increased RANKL/OPG ratio in bone, suggesting osteocyte is responsible for the regulation of the RANKL/OPG ration, and consequently bone resorption [58] . In mice, fluid flow-induced shear stress caused increased RANKL/OPG ratio produced by osteocytes, followed by increased number of osteoclasts and bone resorptive activities [59] .
CHP has been shown to increase osteocyte viability in calve bone explant study [60] . Bone explants were subjected to CHP with peak of 3 MPa at 0.33 Hz, with a triangle waveform for 1 h/day, starting on day 2. Bone cells were harvested on days 2, 8, 15, and 22 (n = 4). By day 8, CHP increased osteocyte viability compared to controls. In osteoblast-seeded cores, CHP loading also resulted in a trend of increased osteoblast function in the presence of osteocytes [60] . This strengthens the view that osteocytes function as mechanosensors that modulate osteoblast activity. Increased proliferation was observed in rat bone marrow-derived osteoblast-like cells under CHP (0.3 -5.0 MPa at 1 Hz) [61] . These cells were from young (12 day old) and old (1 year old) rats, and were seeded onto 3D titanium-mesh scaffold.
In contrast to enhanced viability after stimulation with mechanical loading, osteocyte apoptosis has been linked with increased bone resorption in vivo following ovariectomy [62] . It has also been shown that osteocyte apoptosis controls activation of intracortical resorption in the case of bone fatigue [63] . Therefore osteocyte apoptosis may also be a potent regulator of bone remodeling.
These observations suggest that osteocytes sense mechanical stimuli applied to the skeleton and regulate load-induced remodeling responses, an ideal role for them due to their abundance and location. Another area of significant interest is the investigation of the mechanisms by which osteocytes communicate with effector cells such as osteoclasts, osteoblasts, and their precursors to regulate bone remodeling. The possible cellular structures that are responsible for sensing mechanical force and involved in intra-or intercellular signaling are reviewed below.
Possible mechanoreceptors 2.3.1 Ion channels and cell membrane
Bone cells express stretch-activated trans-membrane ion channels. The TREK family potassium channels, which are activated by stretch and involved in loading induced up-regulation of PTHrelated protein (PTHrP), were identified in osteoblast-like cells [64] . Stretching UMR201-10B osteoblast-like cells by swelling in hypotonic solutions increased PTHrP mRNA. Also PTHrP mRNA level increased in UMR-201-10B cells (2 fold) and MLO-A5 cells (3 fold) following mechanical stretch. Though receptors for sensing pressure have not been described for osteocytes, parallels have been found in other cells. The mechanosensitive channel large conductance responds to hyperosmotic tension in E. coli [65] . Cystic fibrosis transmembrane conductance regulator (CFTR), an anion and intracellular ligand-gated channel, could be activated by membrane stretch induced by negative pressures as small as 5 mmHg at the cellular level in mouse epithelial cells [66] . The cell membrane has been suggested to be a mechanosensing structure as well. The fluidity of cell membrane varies in response to changes in osmotic pressure [67] . Consequently the function of an array of membrane-bound structures such as AChR ion channel [68] , LH/hCG receptors [69] , and TNF receptors [70] could be affected by the change in membrane fluidity.
Gap junctions and hemichannels
Gap junctions and hemichannels are composed of Connexins (Cx). Cx43 has been identified and is the most abundant connexin expressed in osteocyte-like MLO-Y4 cells and primary osteocytes [71] . Gap junctions are responsible for the propagation of Ca 2+ signaling between embedded osteocytes and osteoblasts. Using the mice model, in vivo mechanical loading on the incisors and maxillary first molar increased cx43 mRNA expression in osteoblasts and bone lining cells, but not osteocytes [72] . However Cx43 protein increased in osteoblasts and osteocyte when subjected to loading. The increase in osteocytes was highest among the cell types. Steady fluid flow with shear stress of 1.6 Pa applied for 30 minutes and 2 hours induced the rapid opening of hemichannels, which mediate the release of prostaglandin, PGE 2 in MLO-Y4 osteocyte-like cells [73] . Specifically blocking hemichannels, but not gap junctions, significantly inhibited the release of PGE 2 by steady and pulsatile fluid flow with shear stress of 0.4, 0.8, 1.6 Pa [9] .
In addition to gap junctions, osteoblasts and osteocytes express functional hemichannels, which function independently of gap junctions. Using a fluorophore that is able to pass through connexons, it was shown that oscillating fluid flow producing shear stress of 2 Pa at 1Hz activated hemichannels in MLO-Y4 osteocyte-like cells but not MC3T3-E1 osteoblast-like cells [74] . This is in agreement with earlier results [75, 76] . However, apyrase blocked fluid flowinduced dye uptake in another study by Li et al. [77] , which contradicted the results from Genetos et al. This discrepancy could be due to the difference in the flow regime (unidirectional vs. oscillatory), or duration of exposure.
Integrin
The activation of integrin signaling is a potential mechanism which allows bone cells to sense changes in their mechanical environment. In MLO-Y4 osteocyte-like cells, the transduction of mechanical signals into ERK activation, which prevents apoptosis, requires integrin engagement, intact actin filaments and microtubules, FAK, Src kinase activity, and the adaptor protein Shc [78] . β1 integrin plays an important role in skeletal health. Phillips et al. were able to generate conditional knockout mice, which were depleted of β1integrin only in cortical osteocytes [57] .
Hind limb unloading induced similar response in cancellous bone of wild type and knock-out mice; but the volume, cross-sectional area, moment of inertia and bone strength were all increased in the knock-out mice. Another study pointed to the function of β1 integrin in the negative compensatory response to disuse. Subjected to hypotonic swelling, which induce membrane stretch, matrix molecules that bind the αVβ3 integrin elicited larger responses to rat osteocytes [79].
Cytoskeleton
The cytoskeleton is a dynamic network of polymers which equilibrium could be disrupted by mechanical force, triggering intracellular signaling pathways. Significant difference between chicken calvaria osteocytes and osteoblasts in the distribution of actin-binding protein, fimbrin, were found when they were subjected to shear stress of 1.2 Pa [80] . In osteoblasts, shear stress induced recruitment of fimbrin to the end of stress fibers. In MLO-Y4 osteocyte-like cells, the transduction of mechanical signals into ERK activation requires integrin engagement, intact actin filaments and microtubules, FAK, Src kinase activity, and the adaptor protein Shc [78] . Results from McGarry et al. [81] showed that pulsatile fluid flow-induced PGE2 response in MLO-Y4 osteocyte-like cells was inhibited by cytoskeletal disruption, whereas in MC3T3-E1 osteoblastlike cells it was enhanced. They suggested these opposite PGE2 responses were related to differences in cytoskeletal composition (osteocyte structure is dominated by actin), also may occur via cytoskeletal modulation of shear/stretch-sensitive ion channels which are dominant in osteocyte, but not osteoblast.
Interestingly Malone et al. [82] showed that, inhibition of actin polymerization did not inhibit intracellular calcium mobilization in osteoblast-like cells (MC3T3-E1) due to oscillatory fluid flow. Instead, cells with compromised actin polymerization showed higher calcium responses both in terms of average magnitude of intracellular calcium concentration and overall number of cells exhibiting an intracellular calcium response. Cells with inhibited actin polymerization exposed to 1 hour of oscillatory fluid flow exhibited an increase in release of PGE 2 compared with untreated cells. The results of this study are counterintuitive in that PGE 2 release and mobilization of intracellular calcium depends on actin deformation, rather than polymerization.
Therefore actin monomers, which concentration may increase under load due to increased stress in actin filament [21] , may play a role in bone cell mechanotransduction.
Primary cilia
The primary cilia have gained increasing attention in bone cell mechanotransduction. The PC1/PC2 complex and primary cilia are known for sensing mechanical strain and regulating differentiation in kidney epithelial cells [83] . In Pkd1 null mice, skeletal abnormalities were observed [84] [85] [86] . 
Mechanochemical responses 2.4.1 Intracellular calcium ion concentration
Increase in intracellular calcium ion concentration is one of the earliest responses of bone cells to mechanical load [32] . It occurs due to both the entry of extracellular calcium and the release of intracellular calcium [89] . When rat osteocytes were subjected to membrane stretch with bound αVβ3 integrins, intracellular calcium concentration significantly increased [79] . To investigate the ability of bone cells to exchange information through gap junctions under mechanical load, osteoblast-like (MC3T3-E1) cells were seeded on coverslip with micropatterned coating to force cultured cell to assume a grid-like pattern [90] . Then one cell was mechanically stimulated using atomic force microscopy. Intracellular calcium fluctuations were first observed in a single stimulated bone cell, and then the calcium fluctuation was observed in adjacent cells in the micropatterned network.
Chicken calvaria primary osteocytes and osteoblast were subject to steady fluid flow (1.2 Pa for 2.5 min), then calcium response were measured [91] . Osteocytes were less responsive then osteoblast. But in contrast to osteoblasts, calcium responses in osteocytes were immune to Arg-Gly-Aspcontaining peptides (GRGDS) disruption of focal adhesion, most likely because osteocytes had very low expression of vinculin [91] . These results suggest that osteocytes and osteoblast sense fluid flow-induced shear stress through different mechanoreceptors.
Cytoskeleton change in response to mechanical load
In osteoblast-like (MC3T3-E1) cells, in the physiological range applied for 1 hour, steady flow induced formation of stress fibers, while oscillatory fluid flow did not [82] . However Ponik et al. [10] showed that stress fibers do form in MC3T3-E1 cells, but they need to be subjected to oscillatory fluid flow for at least 5 hours. While in osteocyte-like (MLO-Y4) cells, 24 hours of steady flow was needed to elicit stress fiber formation; after 24 hours of oscillatory fluid flow the number of dendritic processes increased [10] . Under unidirectional fluid shear stress osteocyte-like (MLO-Y4) showed increased dendricity and elongation of dendrites that depends on E11
protein [92] .
The effect of CHP and SHP on osteoblast-like cells (MG-63) has been studied by Tasevski et al. [93] . The hydrostatic pressure was varied between 0 -0.8 MPa. The CHP was applied for 1 minute on, then 14 minutes off, for durations from 4 to 12 hours. The mRNA levels for matrix metalloproteinase-1 and -3 (MMP-1 and MMP-3) were significantly increased (p < 0.001) in Experiments with an atomic force microscope have shown increased elastic modulus in osteocytes after mechanical loading [94] . This stiffening response was related to changes in material properties of the cell, suggesting that the cells actively change their cytoskeleton in response to a mechanical load.
You et al. [95] suggested that drag forces on the osteocyte pericellular matrix in response to fluid flow could be coupled to, and amplified by, the actin cytoskeleton. Tethering elements, presumably composed of integrins, connect the canalicular wall and pericellular matrix to the osteocyte cytoskeleton [96] . Reilly et al. [97] showed that degrading the pericellular matrix of osteocyte-like cells diminished the release of prostaglandins following fluid flow exposure, suggesting a role in cytoskeleton-mediated mechanotransduction.
Prostaglandin
Pulsatile fluid flow (0.64 Pa at 5 Hz for 10 min) enhancement of PGE2 response in MLO-Y4
osteocyte-like cells depends on an intact cytoskeleton, while PGE2 response in MC3T3-E1 osteoblast-like cells was independent of cytoskeleton [81] . Oscillatory fluid flow increases PGE 2 release in MLO-Y4 cells through ATP mediated pathway, but independent of hemichannel activation [74] . Oscillatory fluid flow also increased PGE 2 expression in osteoblast-like (MC3T3-E1) cells [88] . Also Cox-2, which involves in the production of PGE 2 , was upregulated in osteoblast-like (MC3T3-E1) and osteocyte-like (MLO-Y4) cells after extended period (24 hours) of both unidirectional and steady fluid flow [10] .
Experiment design and methodology
With the resources and timeframe available for this study, the scope of the study was determined to be the investigation of the responses of osteocytes to cyclic hydraulic pressure (CHP).
Specifically, seven cellular responses were measured: (1) intracellular calcium concentration, (2) actin filament and (3) 
Cyclic hydraulic pressure loading in vitro
MLO-Y4 cells were seeded onto collagen-coated glass slides, which were placed in the pressure chambers and pressure gauges (Omega Inc.) were attached to monitor the pressure inside of the chamber, as described previously [23] . The glass slide with MLO-Y4 cells were placed inside of the chamber without any fixture to hold it in place. Therefore the deformation of the chamber would create stress on the glass slide. Fresh culture media was used in the experiments for cytoskeleton staining, PGE 2 assay, and quantitative RT-PCR assays. A syringe (KD Scientific), driven by a syringe pump (Cole-Parmer), applies the hydraulic pressure loading directly to the medium filled in the pressure chamber ( Figure 1) . The cells were subjected to cyclic hydraulic pressure with 0.5 Hz triangular waveform which has peak pressure of 68 kPa for one or two hours. The loading regime used in this study was within the range of pressures used in other studies [17, 23, 26, 60, 89, [98] [99] [100] . Due to the relative incompressibility of the aqueous medium, a very small volume change (< 0.5 mL) was used to induce the desired pressure. This small volume was found to result in a negligible shear stress. The peak shear stress was estimated to be 4.9 × 10 -3 Pa, using equation Τ = 6µQ/(bh 2 ), where Τ is the shear stress; µ is the viscosity of the medium, which is approximated to be that of the water at room temperature (1×10 -3 Pa•s); Q is the flow rate, which is 0.5 ml/s as a result of the syringe displacement; b is the flow channel width, which is 38 mm; h is the flow channel height, which is 4 mm. The calculated maximum shear stress level experienced by the cells was at least 2 orders of magnitude lower than those that are known to excite bone cells in vitro [101] . Therefore, the responses observed in the present study were attributed to the hydraulic pressure.
As control, collagen-coated glass slides seeded with MLO-Y4 cells were placed in pressure chambers but without application of CHP. The pressure experiments were performed at room temperature. 
Real-time intracellular calcium measurement
Intracellular calcium ion concentration was quantified as previously described [102] . Briefly, prior to exposure to CHP, MLO-Y4 cells on quartz slides were incubated with 10 μM Fura-2 AM (Molecular Probes, Eugene OR) for 30 min at 31 0 C (to reduce dye compartmentalization), then washed with fresh working medium (α-MEM without phenol-red (GIBCO™) supplemented with 1% FBS and 1% CS). The slides were placed into a custom-made pressure chamber ( Figure   2 ), and fixed to a pre-heated stage (31 0 C) on an inverted microscope (Eclipse Ti-S, Nikon, Japan) with a calcium imaging system (PTI EasyRatioPro system, USA). For 30 min, the cells were left undisturbed. Fresh working medium was used during the pressure experiment. During the application of pressure loading, Fura-2 340 nm/380 nm ratio values were converted to [Ca 2+ ] i values using image analysis software (EasyRatio, PTI). Baseline [Ca 2+ ] i level was recorded for three minutes, followed by application of CHP for 3 min. Images were recorded at a rate of one every 160 ms (n = 30). Temporal profiles were determined for approximately 30 cells per field of view. Each cell was classified as responding or not responding: a responding cell was defined as having at least a two fold increase in the maximum oscillation magnitude of [Ca 2+ ] i during the application CHP over the maximum oscillation recorded during the 3 min baseline period.
Cytoskeleton immunostaining and quantification
MLO-Y4 cells were exposed to CHP loading or non-loading (static control) for 1 hour, and then their actin filament and microtubules staining were performed as previously described [23] (n = 8). To stain the actin filaments, the cells were fixed with 3.7% Formaldehyde in PBS for 10 minutes, then permeabilized with 0.1% Triton X-100 in PBS for 5 minutes. The cells were stained with Alexa Fluor 488 phalloidin (Molecular Probes A-12379). To stain the microtubules, the cells were fixed with 0.25% glutaraldehyde and permeabilized with 0.1% Triton X-100 in PHEM buffer (25 mM HEPES, 60 mM PIPES, 10 mM EGTA, 2 mM MgCl, pH 6.9, warmed to 37°C) for 30 minutes. Following fixation, cells were quenched in 2 µg/ml of sodium borohydride for 15 minutes. The fixed cells were treated with 10% BSA for 1 hour to reduce non-specific binding. Microtubules were first labeled with 2 μg/ml alpha-tubulin antibody (AB Cam, Cambridge, MA, USA) for 3 hours, and then with 50 μg/ml FITC secondary antibody (Invitrogen) for 1 hour. Cells were then imaged using a laser scanning confocal microscope (Olympus, USA).
The local bending sections with high curvature in microtubule have been shown to be the result of localized buckling [103] . In this thesis, the local bending sections with high curvature in microtubules will be referred to as buckling regions. The buckling regions in microtubules were quantified using a chord-to-point distance accumulation (CPDA) method [104] , implemented in MatLab. The CPDA program recognizes microtubules and calculates the number of buckling regions and the curvatures of these buckling regions. A square ROI of 150×150 pixels was selected on the microtubule immunofluorescent images of the cell, which covers around 30% of the cell area. The ROI was selected to exclude the cell nucleus, but may include regions outside of the cell body (which will be black). The number of buckling regions and the curvature normalized with the number of buckling regions were quantified. The buckling regions in the ROI were counted and the curvature at each buckling region was calculated. 
mRNA Quantification
Apoptosis staining and quantification
To assess the effects of CHP on osteocyte apoptosis, apoptosis in MLO-Y4 cells was induced by serum starvation of the cells with α-MEM containing 0.02% FBS, 0.02% CS and 1% P/S for 24 hour prior to the application of CHP. CHP was applied for 1 hour to these serum starved MLO-Y4 cells, during which cells were exposed to fresh complete medium. Then they were incubated for 1 hour at 37 °C and 5% CO2 with fresh complete medium. The percentage of apoptotic cells was measured at prior to CHP loading (24 hours after the start of serum starvation), and compared against cells that were exposed to complete media. Apoptosis was measured again 
Statistical Analysis
Student t-tests (performed with SPSS software) were used to determine significant differences between CHP loaded groups and static groups (control). Statistical significance was defined as P < 0.05 (two tailed). The error bars shown in graphs are standard deviations.
Results
Increased oscillations of intracellular calcium concentration
The increase in [Ca 2+ ] i during application of CHP loading was observed 40 seconds after the start of the loading ( Figure 3A) . Few cells showed increases in [Ca 2+ ] i . during the baseline period.
Upon the application of CHP, a significantly (P = 0.002) higher percentage of cells (20.9%) showed over two-fold increase in [Ca 2+ ] i ( Figure 3B ). Oscillations in [Ca 2+ ] i were observed in all cells even after the CHP loading was stopped. 
Altered microtubule morphology but with no changes in actin filament
Fluorescent staining using Alexa Fluor 488 phalloidin for actin filament showed no significant difference between MLO-Y4 cells that were subjected to CHP versus non-loaded controls ( Figure 4A ). No obvious stress fiber formation was observed. However, after applying CHP to MLO-Y4 cells, the microtubules showed increased buckled structure ( Figure 4A ). The number of buckling regions and the curvatures of these regions were computed using the CPDA algorithm implemented in MatLab. There was a 4.4-fold increase in the normalized curvatures of microtubule buckling regions (P = 0.049) ( Figure 4D ). However the number of detected corners, which corresponds to the number of buckling points in the microtubules, remained the same for both groups (Figure 4C) . 
Increased COX-2 expression
The relative mRNA expression level of COX-2, of which presence is vital for the synthesis of PGE 2 in the cell, was measured [106] [107] [108] . Following the loading regime of 68 kPa at 0.5 Hz for 1 hr, COX-2 mRNA expression level increased by 65% in CHP loaded cells (P = 0.006), compared with non-loaded controls ( Figure 5A ). However the elevated COX-2 level was abolished after 2 hrs of CHP (68 kPa, 0.5 Hz) loading. There was no significant difference in COX-2 gene expression between the CHP and control groups after 2 hrs of loading.
RANKL/OPG expression
Opposite to the case of COX-2, the mRNA expression levels of OPG and RANKL did not show any significant change in MLO-Y4 cells and the RANKL/OPG ratio showed a slight but not statistically significant decrease after 1 hour of CHP loading (68 kPa, 0.5 Hz) ( Figure 5B ).
Increasing the duration of the CHP loading to 2 hours, the expression levels of RANK still did not show any significant difference from the controls. However, the prolonged stimulation did result in a significant decrease (35%, P = 0.001) in the OPG mRNA level, and a significant increase in the RANKL/OPG ratio (60%, P = 0.02) ( Figure 5C ). 
Decreased osteocyte apoptosis
After 24 hours of serum starvation, the percentage of apoptotic cells was 26.5%, compared with 11.8% of cells cultured with complete medium for the same duration (P = 0.047) ( Figure 6A ). To determine whether CHP can inhibit the osteocyte apoptosis induced by serum starvation, we applied 1 hr CHP on MLO-Y4 cells after 24 hr serum starvation. The control group was serum starved for 24 hours and then placed in the pressure chamber for 1 hour without pressure loading.
At the beginning of this one hour post serum starvation, fresh complete medium was provided to both CHP and control groups. We found that immediately after applying CHP for 1 hour (25 hours from the start of serum starvation), the percentages of apoptotic cells were not significantly different from those of non-loaded groups ( Figure 6B ). However, after an addition 1 hour incubation (26 hours from the start of serum starvation), there was a 50% decrease in the percentage of apoptotic cells (P = 0.006) in the CHP loaded (4.7%) compared with the control (9.3%) groups ( Figure 6B ). The percentage of apoptotic cells in the control groups did not change significantly after 1 hour of incubation. However, one hour incubation following the CHP treatments resulted in a significant (19%) reduction in apoptotic cells (P = 0.01) compare with CHP treatment alone. Both CHP loaded and control groups show significant decreases in percent of apoptotic cells at 26 hours after the start of serum starvation ( Figure 6 ). 
Discussions
Mechanical loading produces multiple physical signals that may stimulate bone cells and eventually lead to bone adaptation and remodeling. Cellular responses to some of the stimuli such as fluid shear stress and substrate stretching are relatively well studied. One of the knowledge gaps is whether osteocytes sense cyclic hydraulic pressure. In this study, we investigated the responses of osteocytes to cyclic hydraulic pressure (CHP) associated with in vivo functional loading. In specific, we showed an increase in [Ca 2+ ] i of MLO-Y4 osteocyte-like cells in response to CHP. The buckling in the osteocyte microtubules showed increased curvature after CHP loading. At the mRNA level, COX-2 expression increased after 1 hour of CHP loading; RANKL/OPG ratio showed significant increase after 2 hours of CHP loading. Lastly, we observed a beneficial effect of CHP that reduced osteocyte apoptosis induced by serum starvation.
The increase in [Ca 2+ ] i was observed under CHP stimulation but the increase was not as rapid compared to when osteocytes were subjected to fluid flow ( Figure 3A ). The [Ca 2+ ] i level increased after about 40 s from the start of the loading. In contrast, bone cells responded much faster under fluid shear stress stimulation, with increased [Ca 2+ ] i after about 20 seconds of loading [91] . According to the most recent poroelastic model [54] , the pressure level of 68 kPa chosen in this study would elicit fluid shear stress of 1-2 Pa around the osteocytes, which covers the shear stress level used in [91] . This observation suggests that osteocytes may have a different mechanism of sensing hydraulic pressure; or the effect of CHP takes more time to develop in osteocytes. Compared with the mostly single peak response of fluid shear treated cells [91] , CHP treated MLO-Y4 cells from the present study had a longer, oscillatory response. It is not clear what is the upstream event triggering this elevated [Ca 2+ ] I response. It has been shown that transient receptor potential (TRP) channels can by activated by hypo-osmotic stimulation and induce calcium ion influx in osteoblasts [109] . It is possible that similar mechanism exists in osteocyte as well, which is responsible for the observed increase in [Ca 2+ ] I in our study. Being an early secondary messenger, increase in [Ca 2+ ] i could set off an array of downstream biochemical responses in bone cells, including autocrine and paracrine signaling [102, 110] . The increase in [Ca 2+ ] i has been found to cause translocation of nuclear factor κB to the nucleus and stimulate COX-2 expression in osteoblasts [111] . Therefore it is possible that [Ca 2+ ] i could be the cause of the elevated COX-2 mRNA expression observed in this study. It is also identified that increase in [Ca 2+ ] i could activate ERK and p38 MAPK in osteoblast [110] . It might be possible that ERK and p38 MAPK is activated by elevated [Ca 2+ ] i , and this may have caused the observed increase in COX-2 expression in our study as well. There is also evidence that [Ca 2+ ] i could modulate microtubule morphology [112] . It is possible that the loading induced [Ca 2+ ] i release and changes in microtubule morphology could form a positive feedback loop that reinforces the responses of osteocytes to CHP.
The actin filament organization did not change after application of CHP, in contrast to the stress fiber formation after fluid flow [10] . However, we demonstrated that cyclic pressure loading at 68 kPa at 0.5 Hz was able to cause changes in the microtubule organization in MLO-Y4 osteocyte-like cells. In cells without external loading, microtubules have been shown to be in the state of constrained buckling with multiple buckling regions with straight segments in between [103] . From the present study, the curvatures of the bending sections in the microtubules showed significant increase in cells subjected to CHP, indicating that the buckling sections of the microtubules became more 'compressed' after CHP loading. Interestingly, the number of detected corners, which corresponds to buckling sections, did not increase. Several factors could contribute to this observed change in the microtubule morphology as follows: 1) Since very high pressure (100 MPa) was needed to denature proteins [113] , it is more likely that the change in microtubule is a regulatory response of the cells. Calcium, which showed increased intracellular concentration in our study, has been shown to promote microtubule depolymerization [114] .
2)
The change in microtubule morphology could be also related to the PGE 2 level. It has been shown that microtubule is an integral part for PGE 2 release in osteocytes [81] . 3) Changes in cytoplasmic streaming may also change the dynamics of the microtubule network, since it was shown to be affected by fluid pressure [115] . 4) The cell membrane is an often overlooked cell structure that may sense pressure loading in cells. Pressure could change the fluidity of the lipid bi-layer [67] , which would affect membrane-bound receptors [68] [69] [70] . Further studies are warranted to elucidate the molecular mechanisms of the osteocyte responses to CHP.
We showed that COX-2 expression increased after applying CHP loading to MLO-Y4 cells for 1 hour ( Figure 5A ). It is in agreement with a previous study in which the effects of CHP on osteoblast-like (MC3T3-E1) cells were studied [23] . The increase in COX-2 may suggest increased level of PGE 2 and its release into extracellular space, which may produce autocrine effects to i) enhance osteocyte response to mechanical loading [116] , and ii) enhance osteoblast differentiation [117] , leading to increased bone formation [118] [119] [120] . It has also been shown to mediate resorption [121] . In our study, the increase in COX-2 disappeared after 2 hours of CHP.
This result is actually in agreement with the response induced by substrate stretching, which showed a biphasic temporal profile of COX-2 response [36] . Our study showed that COX-2 may be a part of a pathway that can be activated by all three types of mechanical loading (fluid shear stress, substrate stretching and fluid pressure), which may include adenylate cyclases, GTPase, ERK and PKA activation [122] .
Both primary osteocytes and MLO-Y4 osteocyte-like cells have been shown to express RANKL and OPG, and were able to modulate osteoclast formation and activation [123] . RANKL and OPG have also been observed to be co-localized with osteocytes in vivo [124] . The present study showed that RANKL/OPG ratio did not change after 1 hour of CHP loading, but it increased significantly after 2 hours of CHP loading. The increase in the RANKL/OPG ratio mainly results from the decrease in OPG expression ( Figure 5C ). The canonical Wnt signaling, which regulates OPG expression in osteoblasts [125] , might be activated by CHP. Since evidence has shown that osteocyte alone can trigger osteoclast formation [123] , the results from this study indicated that long-term CHP of 68kPa level might trigger bone resorption. In contrast, 1 Pa fluid shear stress was shown to induce increases in both RANKL and OPG mRNA and protein expression, and caused the RANKL/OPG ratio to decrease [6, 59] . The magnitude of shear stress correlates to the lower end of the range that could be induced by the pressure level chose in this study. This suggest that CHP may modulate osteoclast functions in a manner different from fluid shear.
Alternatively, there could be a threshold past which osteocyte would initiate bone remodeling by up-regulating osteoclast activity. But below this threshold, the reduced RANKL/OPG ratio would down-regulate osteoclast activity and bone remodeling.
Similar to the effect of fluid shear stress [126] and substrate stretching [78] on osteocytes, CHP reduced apoptosis [60] . We have shown here that 1 hour of CHP loading was sufficient to produce anti-apoptotic effects, although the reduction in apoptotic cells was detected after 1 hour of incubation post application of CHP ( Figure 6B ). In our study, exposure to fresh complete medium significantly reduced the percent of apoptotic cells in both CHP and control groups, but CHP loading had a significant more reduction than the non-loaded control. Since the disruption of the asymmetric composition of cell membrane detected by the Apopercentage assay is an early event in the apoptosis process [105] , it was likely that a portion of the apoptotic cells was later rescued from apoptosis by CHP. The elevated COX-2 level induced by CHP may have been beneficial for osteocyte viability [116] through Wnt/β-catenin signaling pathway [127] . Our result is consistent with previous studies with bone explants, which showed cyclic hydraulic pressure reduced osteocyte apoptosis [60] . Also based on the results from the current study, it is also possible that cells sense changes in hydraulic pressure through altered polymerization dynamics of the microtubules. Reduce number and/or length of microtubules could increase the load on the microtubule, causing increased curvature in the buckling regions.
The system to apply cyclic hydraulic pressure developed for this study fulfilled the requirement to provide physiological level of pressure and frequency in vitro. It also effectively eliminated the effect contributed by fluid flow. This system also eliminated the complication of changing partial pressure of dissolved gases due to a gas-liquid interface, which exists in other systems [101] . This system also allows quick assembly and recovery of cells and conditioned media. However, this system is not without drawbacks. The lack of the media perfusion system to feed fresh media into the chambers could lead to hypoxia of the cells in experiment lasting days to weeks. Due to the limitations of the syringe pump, hydraulic pressure of higher than 100 kPa or frequency of over 1 Hz could not be applied reliably in this study. Studying the cells' response to higher pressure levels and frequencies may reveal further knowledge of the cellular mechanisms of bone remodeling. Future studies in this area could use a low speed perfusion system to introduce fresh, oxygenated media to the cells. The speed of perfusion needs to be calibrated to avoid fluid flow related stimulation of the cells. High pressure syringe pump could be used to drive more robust syringes to achieve higher pressure and frequency.
Many effects of cyclic hydraulic pressure on osteocytes have been identified and measured in this study. However, the mechanism by which the cells sense hydraulic pressure is still far from clear, not only for bone cells but cell in general. Though not in the scope of the current study, understanding the sensory mechanism in cells will aid in the investigation of bone remodeling. In fibroblasts, β 1 -integrin has been shown to mediate cell response to hydraulic pressure [128] by altered binding affinity through phosphorylation of beta1-integrin at threonine 788/789 [129] .
Interestingly, β 1 -integrin expressed by cortical osteocytes has also been shown to be an important factor in load-induced bone formation [130] . Taken together, these studies hint that β 1integrin maybe a good starting point when investigating the pressure sensing mechanism in osteocytes.
The cellular responses measured in this study are but a small set of the total response of osteocytes to cyclic hydraulic pressure. There are many other signaling pathways and related cytokines that regulate bone remodeling. Sclerostin is a negative regulator of bone formation [131] , which is partly controlled by the Wnt signaling pathway, is sensitive to mechanical stimulus in vivo [8] . The Wnt signaling pathway and its related ERK signaling have been shown to also play a role in the mechanotransduction of pressure loading in mesenchymal stem cells [132] . These may be starting point for future studies into the responses of osteocytes to hydraulic pressure loading. Also, microarray analysis could screen a large number of genes to obtain a complete picture of osteocyte response to pressure loading.
The effector cells in bone remodeling, the osteoclasts and osteoblast, may react differently to different combinations of signaling molecules released by osteocytes. The RANKL/OPG response observed in this study indicates that osteocyte responses to fluid flow and pressure stimulus are different. In future studies, it may be useful to study the differential effect of different kinds of mechanical loading on the effector cells through co-culture system or conditioned media experiments.
In summary, the present study found that osteocytes were able to detect and respond to cyclic hydraulic pressure in vitro. As tested in the present study with a cyclic pressure at 68 kPa level, 
Conclusions
Our study suggests that CHP is a significant stimulus to osteocytes, which in turn have the capacity to direct bone remodeling. Systematic examination of the effects of CHP on osteocytes will lead toward a better understanding and consequently better controlling of bone remodeling for the treatments of bone diseases such as osteoporosis and the enhancement of bone health.
